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Abstract

Cheatgrass (Bromus tectorum) is a recognized, invasive annual weed of the western

United States that reduces fire return times from decades to less than 5 years. To

determine the interaction between rising carbon dioxide concentration ([CO2]) and fuel

load, we characterized potential changes in biomass accumulation, C : N ratio and

digestibility of three cheatgrass populations from different elevations to recent and near-

term projections in atmospheric [CO2]. The experimental CO2 values (270, 320, 370,

420 lmol mol�1) corresponded roughly to the CO2 concentrations that existed at the

beginning of the 19th century, that during the 1960s, the current [CO2], and the near-term

[CO2] projection for 2020, respectively. From 25 until 87 days after sowing (DAS),

aboveground biomass for these different populations increased 1.5–2.7 g per plant for

every 10 lmol mol�1 increase above the 270 lmol mol�1 preindustrial baseline. CO2

sensitivity among populations varied with elevational origin with populations from the

lowest elevation showing the greatest productivity. Among all populations, the

undigestible portion of aboveground plant material (acid detergent fiber ADF, mostly

cellulose and lignin) increased with increasing [CO2]. In addition, the ratio of C : N

increased with leaf age, with [CO2] and was highest for the lower elevational population.

These CO2-induced qualitative changes could, in turn, result in potential decreases in

herbivory and decomposition with subsequent effects on the aboveground retention of

cheatgrass biomass. Overall, these data suggest that increasing atmospheric [CO2] above

preambient levels may have contributed significantly to cheatgrass productivity and fuel

load with subsequent effects on fire frequency and intensity.
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Introduction

Invasive plants are generally recognized as those

species, usually non-native for a given system, whose

introduction, commonly by human transport, results in

appreciable economic or environmental damage

(Mooney & Hobbs, 2000). One instance of environ-

mental damage related to invasive species success is

alteration of the fire cycle within plant communities.

Such cycles are accelerated by the invasion of rapidly

growing, fire-tolerant species (usually grasses) that

produce combustive vegetation with subsequent in-

creases in the frequency and spread of natural or

anthropogenic fires (D’Antonio & Vitousek, 1992).

For the western United States, cheatgrass (Bromus

tectorum), originally introduced from central Asia, has

spread rapidly throughout the intermountain west as a

result of livestock movement and overgrazing (Mack,

1986). Growing quickly in mesic and xerophytic environ-

ments, cheatgrass can colonize open spaces between

perennial, native shrubs with a fine, flammable material

that increases the frequency of fire events (Billings,

1990, 1994). Because cheatgrass is fire-adapted, increas-
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ing fire frequency favors its establishment and spread.

The conversion of the shrub-dominated steppes of the

western US to a cheatgrass dominated landscape

during the 20th century remains one of the quintessen-

tial examples of how invasive-induced increases in the

fire cycle can significantly alter plant communities (see

Fig. 1 in Sage, 1996).

Since the late-1950s, records of carbon dioxide

concentration ([CO2]) obtained from the Mauna Loa

observatory in Hawaii have shown an increase in [CO2]

of about 20% from 311 to 375 mmol mol�1 (Keeling &

Whorf, 2001). The current annual rate of [CO2] increase

( � 0.5%) is expected to continue with concentrations

exceeding 600mmol mol�1 by the end of the 21st century

(Schimel et al., 1996). Because current atmospheric

[CO2] is less than optimal for photosynthesis, as

atmospheric [CO2] increases, plant growth may be

stimulated, depending on species. Increasing [CO2] in

turn, could contribute to the overall growth of an

invasive, fire-tolerant species. These CO2-induced

changes in vegetation would have subsequent effects

on time needed to reach a minimum fuel threshold and

the total fuel load. In addition, rising [CO2] could also

affect qualitative aspects of vegetation that could alter

aboveground persistence (e.g. decomposition) with

subsequent effects on fuel load. However, in general,

the impact of rising [CO2] on fire disturbance regimes

has not been well studied (see Sage, 1996 for a review).

A limited number of experiments have indicated that

doubling atmospheric carbon dioxide ( � 680mmol mol�1)

to simulate future abiotic conditions significantly

increases cheatgrass biomass (1.39–1.93� ambient),

suggesting that its productivity could be particularly

responsive to future [CO2] (Smith et al., 1987; Poorter,

1993). However, the photosynthetic response to [CO2] is

not linear; consequently, it is difficult to extrapolate the

sensitivity of cheatgrass growth to recent [CO2]

increases or near-term [CO2] projections based only

on 2� ambient observations. Moreover, [CO2] respon-

siveness, per se, does not address qualitative changes in

potential digestibility or decomposition, which would

also contribute to standing fuel load.

To systematically address the relative extent of

potential growth stimulation and qualitative para-

meters over a range of [CO2]s that have already

occurred, or will occur in the near term (i.e. o20

years), we grew three different populations of cheat-

grass collected in the Sierra Nevada Mountains at 270,

320, 370 or 420mmol mol�1 [CO2] for a 3-month period.

The CO2 values used correspond approximately to

those that existed at the beginning of the 19th century,

that during the 1960s, the current [CO2], and the near-

term [CO2] projection for 2020, respectively. Our overall

objective was to ascertain the impact of rising [CO2] on

potential changes in fire ecology by quantifying

changes in growth, final standing biomass, digestibility

and the C : N ratio of cheatgrass populations.

Materials and methods

Experimental conditions. Cheatgrass (B. tectorum) seed

was collected at low, mid and high elevations in

Northern Nevada. The low elevation collection site

(1220 m) was north of Rye Patch Reservoir (40.281N,

118.191W). This shadscale (Atriplex confertifolia)

community receives on average 18 cm of yearly

precipitation and burned in 1999. The mid-elevation

site (1737) was at Emigrant Pass (40.381N, 116.181W)

and is a Wyoming big sagebrush (Artemisa tridentata

subspecies wyomingensis) dominated community that
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Fig. 1 Total biomass of cheatgrass (Bromus tectorum g per plant)

over time (days after sowing, DAS) as a function of increasing

[CO2] for three populations collected at different elevations in

northern Nevada. Significant [CO2] differences were observed

after 59 DAS. Bars are � SE.
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receives a yearly average of 30 cm of precipitation. The

high elevation site (2171 m) is near the summit of Fox

Mountain (41.001N, 119.331W) and is dominated by

bluebunch wheatgrass (Pseudoroegneria spicata) and

receives about 45 cm of yearly precipitation. Collected

seed was pretreated at 5 1C until germination (testa was

visible), then planted. Two to three seeds were sown in

pots filled with a 1 : 1 mixture of sand and vermiculite

and thinned to one seedling 4–6 days after emergence.

For each CO2 treatment and population, 30–35 pots

were used. To avoid root binding and because of space

considerations, different pot volumes, from 0.6 to 22.1 L

were used, with the smaller pots being sampled first.

The height of all pots was made uniform to avoid

differences in light (photosynthetically active radiation

(PAR)) intensity. For each CO2 treatment, pots were

watered to the drip point daily with a complete nutrient

solution containing 14.5 mmol m�3 nitrogen (Robinson,

1984).

Because no experimental system has yet been

devised to expose plants to subambient [CO2] under

field conditions for 24 h day�1 (see Mayeux et al., 1993),

the study was conducted using controlled environment

chambers (EGC Corporation., Chagrin Falls, OH, USA)

at Beltsville, MD with a given chamber set at one of four

[CO2] setpoints (270, 320, 370 and 420 mmol mol�1) for

24 h day�1. The concentrations used approximated

atmospheric [CO2] at the beginning of the 19th

century, that during the 1960s, current ambient, and

that projected by the year 2020. Actual average 24 h

[CO2] values ( � SD) were 283 � 16, 323 � 12, 372 � 9

and 425 � 14mmol mol�1. For all chambers,

temperature was altered in a diurnal fashion (in

steps) from an overnight low of 15 1C to a maximum

afternoon value of 25 1C, with an average daily (24 h)

value of 18.3 1C. Similarly, PAR was also altered

concurrently with temperature, with the highest PAR

value (900–1000mmol m2 s�1) occurring during the

afternoon (12:00–15:00 hours). Daily PAR was 14 h,

supplied by a mixture of high-pressure sodium and

metal halide lamps. The [CO2] of the air within each

chamber was controlled by adding either CO2 or CO2

free air to maintain the set concentration. Injection of

CO2 and CO2-free air was controlled by a TC-2

controller using input from an absolute infrared gas

analyzer (WMA-2, PP Systems, Haverhill, MA, USA).

Typical examples of a diurnal temperature/PAR curve

for these experimental chambers can be found in Ziska

et al. (2001).

Vegetative measurements. Plants were grown until 87

days after sowing (DAS), by which time floral spikes

had matured for the lowest elevational population

(bolting did not occur for the other two populations). A

[CO2] increase of 150 mmol mol�1 decreased floral times

for this elevational population by approximately 10

days. Destructive harvest of five to six plants for each

[CO2] and population occurred at 25, 43, 59, 72 and 87

DAS. Root weights for the initial harvest avearaged less

than 0.2 g, with no indication of root binding. Because

larger pots were used with successive harvests, root

binding did not occur during the experiment. For the

first three harvests, leaf area was determined

photometrically using a leaf area meter (Model 3100,

Li-Cor Corporation, Lincoln, NE, USA). Given the large

leaf area at 72 and 87 DAS, subsamples of 15–20 leaves

per population and [CO2] were placed in moistened

paper towels to prevent desiccation and leaf area

determined as described above. Leaf subsamples were

then dried at 65 1C and total leaf area per plant and

specific leaf weight estimated by the linear regression of

leaf area to leaf dry weight (r240.91 for all treatments).

In addition to leaf area, dry mass was determined

separately for all leaves, stems, roots and floral spikes

(if present) for each harvest for all treatments following

drying at 65 1C for a minimum of 48 h or until dry mass

was constant.

Carbon and nitrogen analysis. Carbon was quantified by a

modified Walkley–Black procedure (Walkley, 1947)

using supplemental heating to 180 1C with a Bunsen

burner. No correction factor was used. Tissue N was

digested using a microKjeldahl method (Isaac &

Johnson, 1976). Ammonium in the digest was

quantified using a total Kjeldahl module for the

Lachat flow injection system. An apple leaf plant

tissue standard (NIST 1515) was used to check

method accuracy for total N and C. Determinations of

shoot carbon and nitrogen were made for individual

plants for all populations and [CO2] treatments at 43,

59, 74 and 87 DAS.

Digestibility. Samples were obtained for the last three

sampling dates (59, 74 and 87 DAS) for all treatments.

All samples were analyzed as single reps for neutral

detergent fiber (NDF, basically, hemicellulose, cellulose

and lignin), acid detergent fiber (ADF, nondigestible

lignin and cellulose), and 72% sulfuric acid lignin

(ADL) (Goering & Van Soest, 1970; Van Soest, 1994) by

sequential extraction using the fiber-bag method

(Ankom, 2004). All samples were scanned in the near

infrared (400–2498 nm) using an NIRSystems model

6500 scanning monochromator (Foss NIRSystems,

Silver Spring, MD, USA) equipped with silicon (400–

1098 nm) and lead sulfide (100–2498 nm) detectors with

data collected every 2 nm (1050 data points) at a

nominal bandwidth of 10 nm. Samples were scanned

using a rotating sample cup and a ceramic standard
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was used for the background spectrum and spectra

were collected as log (1/R) where R 5 reflectance. Each

spectrum consisted of 64 coadded scans for the sample

and background. Only data from 1100 to 2498 nm was

used in calibration development. Calibrations were

developed using a one-out cross-validation using

partial least-squares regression (GRAMS PLSPlus V2.1

G, Galactic Industries, Salem, NH, USA) with a variety

of data pretreatments. The final calibration was then

used to predict all the samples and the predicted values

used for all subsequent analysis. This method

(Westerhaus et al., 2004) provides the most efficient

means to reduce the need for wet chemical analysis

while providing accurate analytical values.

Design, data analysis. Given the limited number of

chambers, and because pots do not represent valid

replications, a randomized complete block design was

utilized with runs over time as replications (blocks).

Each chamber was assigned one of the four CO2

treatments (i.e. all CO2 treatments occurred in all

chambers). At the end of a given run, CO2 treatments

were reassigned to another chamber and the entire

experiment was repeated. PAR, humidity and

temperature were quantified prior to, and at the end

of each run in order to determine within chamber and

between chamber variability. Temperature, PAR,

humidity and [CO2] were also recorded every 15 min

throughout a given run, and daily averages determined

for each chamber. Temperature, PAR and humidity did

not differ between chambers. Plants from a given

elevation were grouped together, but groups were

spaced so as to minimize mutual shading. Both

individual plants (pots) within a group, as well as

groups, were rotated every 2 weeks inside the

chambers until 72 DAS to minimize border effects.

The experiment was repeated four times, with each run

considered a replicate. All plant parameters were

analyzed using a three-way analysis of variance with

[CO2], plant age (DAS) and population as the

classification variables (Statview, Cary, NC, USA).

Treatment comparisons were made using a Fisher’s

protected least significant difference. Unless otherwise

stated, significant differences for any measured

parameter were determined at the Po0.05 level.

Results

By 87 DAS, [CO2] significantly increased leaf area, leaf

weight, root weight, and vegetative biomass when

averaged over all populations (Table 1). Rising [CO2]

also resulted in a significant increase in the amount of

root relative to shoot biomass (R : S). Specific population

effects independent of [CO2] were also observed for leaf

area, specific leaf area (SLA) and vegetative biomass,

with [CO2] by population interactions observed for leaf

area, leaf weight and root : shoot ratio (Table 1). Overall,

while all populations were [CO2] sensitive, sensitivity

decreased with increasing elevation. This is evident as

well in the overall growth curves beginning at 25 DAS

(Fig. 1). For the lowest elevation by 87 DAS, any [CO2]

above the 270 mmol mol�1 preindustrial baseline re-

sulted in a significant stimulation of total plant

biomass. This same population also showed a doubling

of reproductive biomass with increasing [CO2] for this

same period (Fig. 2). Concurrent with the increase in

seed yield, recent increases in [CO2] (270–

370 mmol mol�1) also reduced the time to reproductive

maturity for this population by approximately 10 days.

Fuel load for fire is directly proportional to above-

ground biomass. Significant effects of [CO2] on above-

ground biomass were observed as early as 59 DAS,

increasing an average of 75% with a 150 mmol mol�1

increase above 270 mmol mol�1 with no population by

Table 1 Averages and statistical P-values of the two-way analysis of variance for CO2 concentration and population for vegetative

characteristics at 87 days after sowing (DAS) for cheatgrass (Bromus tectorum)

Variable

Averages P-values

270 320 370 420 E1 E2 E3 CO2 effect E effect E�CO2

Leaf area (m2) 0.83 1.02 1.32 1.24 1.39 0.95 0.98 * ** **

Leaf weight (g) 36.1 45.3 57.6 62.6 51.3 52.1 48.4 *** – **

Root weight (g) 18.6 28.4 35.0 45.0 31.7 32.8 31.4 *** – (*)

SLA (m2 kg�1) 22.7 22.2 22.0 19.3 25.6 18.6 20.9 – ** (*)

Root : Shoot 0.53 0.64 0.66 0.73 0.65 0.62 0.65 *** – ***

Vegetative biomass 55.6 77.6 94.3 111.4 90.0 84.9 79.8 *** * –

(*)Po0.10; *Po0.05; **Po0.01; ***Po0.001.

Unless otherwise specified, values are per plant. E1, E2 and E3 are populations collected at 1220, 1737 and 2171 m in northern

Nevada, respectively. SLA, specific leaf area.
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[CO2] interactions (Fig. 3). However, by 87 DAS, a

significant population by [CO2] effect was observed

with a doubling of aboveground for the 1220 m

population ( 1 130%), compared with a 58% stimulation

for the 2171 m population over the same [CO2] range

(Fig. 3). Overall, from 25 until 87 days after sowing

(DAS), the populations used in this study showed an

increase in aboveground biomass (vegetative and

reproductive) of 1.5–2.7 g per plant for every

10mmol mol�1 increase above the 270 mmol mol�1 pre-

industrial baseline.

In addition to the effect of rising [CO2] on biomass,

[CO2] also affected qualitative parameters of cheat-

grass. For the C : N data, [CO2], plant age and

population were all significant as was [CO2] by age

and population by age (Table 2). Overall, aboveground

leaf tissue showed an increase in C : N ratio in response

to rising [CO2] only as the tissue aged, with the highest

C : N ratio observed for the low elevation population.

The increase in C : N is consistent with the total amount

of ADF (i.e. undigestible cellulose and lignin) observed

with increasing [CO2], particularly for the low elevation

population (Fig. 4).

Discussion

To better assess the impact of atmospheric [CO2] on

plant communities, it is critical to recognize interactions

between CO2 responsiveness and specific periodic

disturbances such as fire. As summarized by Sage

(1996), rising atmospheric [CO2] would likely result in

early stimulation of biomass production and a subse-

quent increase in the rate of fuel accumulation. As

biomass production occurs more quickly, minimum

fuel thresholds would be reached sooner between

burns. Overall, more time would be spent proportion-

ally above a minimum fuel threshold, leading to greater

fire frequency if ignition probabilities remained un-

changed. Greater biomass production by the end of the

life-cycle would also increase total fuel available so that

once a fire did occur; flame intensity, fire temperature

and rate of spread would increase. Increases in

intensity would, in turn, increase the probability that

fire will damage the overstory or seedbank. This result,

combined with greater fire frequency, would reduce the

number of nonfire-adapted plants that reach reproduc-

tive maturity, potentially resulting in a decrease in

species and structural diversity of the community.

Cheatgrass is an invasive species that is widely

recognized as being fire adapted. Previous studies of

fire-adapted annual grasses have indicated a high

response to [CO2] doubling (Smith et al., 1987, 2000;
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Bazzaz 1990; Hunt et al., 1991). The current experiment

confirms this sensitivity to [CO2], but also illustrates

that cheatgrass may have potentially responded to

recent increases in atmospheric [CO2] during the later

half of the 20th century. It is also interesting to note that

cheatgrass may even respond significantly to short-

term projections of 50mmol mol�1 above the current

Mauna loa average; concentrations that are already

present near urban areas (Ziska et al., 2001). It could be

argued that limitations of light, nutrients or water

would negate the response of cheatgrass to atmospheric

CO2 in situ; however, fire increases light availability,

temporarily enhances soil nutrient levels, and initially

reduces competition for water and nutrients (Blank

et al., 1994). Furthermore, in situ conditions following

establishment suggest that at least once per decade,

optimal water and nutrient conditions occur for

supraoptimal cheatgrass growth (J. Young, unpublished

data).

Overall, the current study indicates that even a small

change in atmospheric [CO2] could alter several key

productivity parameters in cheatgrass that could affect

fire disturbance. For example, by 59 DAS, [CO2] had

significantly increased the amount of aboveground

biomass at current CO2 levels (relative to the

270 mmol mol�1, preindustrial baseline) in all popula-

tions, suggesting an increase in the rate of fuel

accumulation and a greater amount of time above a

critical fuel threshold. Although the degree of carbon

dioxide induced changes in final biomass appears

population dependent, it is clear that rising [CO2]

may increase the total fuel availability of cheatgrass

with subsequent changes in flame intensity and fire

spread. Assuming that combustion probabilities are

unchanged, this would suggest that recent changes in

[CO2] may have increased the fire frequency of

cheatgrass during the 20th century. From an ecological

perspective, CO2-induced changes in fire frequency,

combined with changes in reproductive output (at least

for the 1220 m population), may have contributed to the

establishment and success of cheatgrass in the western

US by increasing seed production and eliminating

competition from existing native perennial shrubs.

In addition to altering productivity parameters, [CO2]

may also alter qualitative aspects of cheatgrass that

could affect fuel load. For example, cheatgrass is a

major forage of herbivores, including insects, rabbits,

Table 2 Changes in the ratio of carbon to nitrogen (C : N) as a function of atmospheric CO2 concentration, by elevational

population and by plant age

CO2

42 DAS 59 DAS 74 DAS 87 DAS

1221 1737 2174 1221 1737 2174 1221 1737 2174 1221 1737 2174

270 8.5 8.3 7.8 9.3 8.2 8.3 9.5 8.4 9.8 8.2 8.1 6.5

320 7.7 7.7 6.9 8.7 8.1 7.2 9.1 8.4 9.5 9.2 7.1 7.8

370 9.4 8.4 9.3 10.5 9.1 9.4 10.9 8.9 10.6 9.4 9.8 8.5

420 8.1 7.3 7.6 10.4 9.9 8.3 9.2 9.2 8.3 9.9 9.2 8.5

CO2 P 5 0.0176*

Population P 5 0.0538*

DAS Po0.0001***

CO2�DAS P 5 0.0126*

Population�CO2 P 5 0.9651

Population�DAS P 5 0.0152*

Population�CO2�DAS P 5 0.2824

Elevations are in meters. Increased C : N is associated with a reduction in microbial decomposition.

DAS, days after sowing.
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horses, mule deer and livestock (e.g. Murray &

Klemmedson, 1968; Bishop et al., 2001). Cheatgrass

matures quickly, with lower elevational (drier) ecotypes

tending to mature earlier (Rice et al., 1992), but in any

case, the time of maximum forage quality is usually

much less than native perennial grasses. Increasing

[CO2] appears to increase the amount of undigestible

aboveground material. Although in situ studies of

herbivory are needed, CO2-induced changes in digest-

ibility, reduced time till reproductive maturity and

greater root : shoot ratios may, potentially, reduce

herbivory rates or allow greater regrowth once herbiv-

ory occurs depending on population. Another qualita-

tive aspect of [CO2] may be related to decomposition. In

the current study, increases in C : N ratio with increas-

ing [CO2] indicate a potential reduction in bacterial

decomposition (Lambers, 1993). If bacterial decomposi-

tion occurs more slowly in response to rising [CO2],

then more rapid fuel accumulation is likely.

Fire damage in plant communities is directly im-

pacted by fuel load which, in turn, is dependent on

aboveground biomass. Fuel load directly alters fire

occurrence (time spent above a critical threshold for

burn), its rate of spread (less bare soil) and its intensity

(increased ability to burn even with high humidity or

cool nights). The current study suggests that rising

[CO2] may have already significantly affected the

growth and establishment of cheatgrass during the

20th century, with subsequent effects on fuel load.

These [CO2]-induced changes in fuel load may have

occurred directly through increased productivity, or

indirectly through removal of standing biomass (e.g.

herbivory, decomposition). Overall, the recent and

near-term increases in atmospheric [CO2] suggest a

probable link between the CO2 responsiveness of this

invasive grass, and fire disturbance.

At present, however, it is difficult to quantify the

extent to which cheatgrass productivity has already

been altered in situ. Although field evaluations are

needed to address such issues, methodological con-

siderations prevent exposure of plants to subambient

CO2 under realistic conditions (see Mayeux et al., 1993).

Additional work on land-use change, particularly

urbanization, is also needed to quantify cheatgrass

establishment and growth. This does not, of course,

lessen the importance of understanding how recent

increases in atmospheric [CO2] may have impacted

cheatgrass productivity and how such changes in turn,

alter fire disturbance.

The current study, while limited to growth chamber

conditions, does provide the first evaluation between

recent [CO2] increases, cheatgrass biology and potential

changes in fire frequency. However, additional evalua-

tions are needed, particularly those that examine the

impact of rising [CO2] on other qualitative parameters

that affect combustibility. Such evaluations are neces-

sary to further address the potential environmental

consequences posed by cheatgrass and other invasive

grasses as atmospheric [CO2] continues to increase.

Acknowledgements

The authors would like to thank Ms Fay Allen, Ms Janelle Burke,
Dr Kate George, Mr Ernie Goins, Ms Tye Morgan and Ms
Danielle Reed for excellent technical assistance, and Mr Charlie
Clements and Dr James A. Young for supplying seeds of B.
tectorum and advice.

References

Ankom (2004), Http://www.ankom.com/09procedures/proce-

dures.shtml

Bazzaz FA (1990) The response of natural ecosystems to rising

CO2 levels. Annual Review of Ecology and Systematics, 21,

167–196.

Blank RB, Allen F, Young JA (1994) Extractable soil anions in

soils following wildfire in a sagebrush–grass community. Soil

Science Society of America Journal, 58, 564–570.

Billings WD (1990) Bromus tectorum, a biotic cause of eco-

system impoverishment in the Great Basin. In: The Earth in

Transition: Patterns and Processes of Biotic Impoverishment (ed.

Woodwell GM), pp. 310–322. Cambridge University Press,

Cambridge, UK.

Billings WD (1994) Ecological impacts of cheatgrass and

resultant fire on ecosystems in the western Great Basin. In:

Ecology and Management of Annual Rangelands (eds Monsen SB,

Kitchen SG), pp. 22–30. US Forest Service General Technical

Report, Intermountain Research Station, Ogden, UT.

Bishop CJ, Garton EO, Unsworth JW (2001) Bitterbrush and

cheatgrass quality on 3 southwest Idaho winter ranges. Journal

of Range Management, 54, 595–602.

D’Antonio CM, Vitousek PM (1992) Biological invasions by

exotic grasses, the grass fire cycle and global change. Annual

Review of Ecology and Systematics, 23, 63–87.

Goering HK, Van Soest PJ (1970) Forage fiber analysis, apparatus,

reagents, procedures and some applications. Agricultural Hand-

book No. 379, USDA-ARS, Washington, DC.

Hunt R, Hand DW, Hannah MA et al. (1991) Response to CO2

enrichment in 27 herbaceous species. Functional Ecology, 5,

410–421.

Isaac R, Johnson W (1976) Determination of total nitrogen in

plant tissue using a block digester. Journal of the Association of

Analytical Chemistry, 59, 98–100.

Keeling CD, Whorf TP (2001) Atmospheric CO2 records from

sites in the SIO air sampling network. In: Trends: A

Compendium of Data on Global Change (eds Boden TA, Kaiser

DP, Sepanski RJ, Stoss FW), pp. 2–26. Carbon Dioxide

Information Analysis Center, Oak Ridge National Laboratory,

U.S. Department of Energy, Oak Ridge, TN, USA.

Lambers H (1993) Rising CO2, secondary plant metabolism,

plant–herbivore interactions and litter decomposition. Vegeta-

tio, 104/105, 263–271.

I M P L I C A T I O N S F O R F I R E D I S T U R B A N C E 1331

r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 1325–1332

No claim to original US government works



Mack RN (1986) Alien plant invasion into the intermountain

west: a case history. In: Ecology of Biological Invasions of North

America and Hawaii (eds Mooney HA, Drake JA), pp. 191–213.

Springer Verlag, New York, NY.

Mayeux HS, Johnson HB, Polley HW et al. (1993) A controlled

environment chamber for growing plants across a sub-ambient

carbon dioxide gradient. Functional Ecology, 7, 125–133.

Mooney HA, Hobbs RJ (2000) Invasive Species in a Changing

World. Island Press, Washington, DC.

Murray RB, Klemmedson JO (1968) Cheatgrass range in south-

ern Idaho: seasonal cattle and grazing capacities. Journal of

Range Management, 21, 308–313.

Poorter H (1993) Interspecific variation in the growth response of

plants to an elevated ambient CO2 concentration. Vegetatio,

104/105, 77–97.

Rice KJ, Black RA, Radamaker G et al. (1992) Photosynthesis,

growth and biomass allocation in habitat ecotypes of

cheatgrass (Bromus tectorum). Functional Ecology, 6, 32–40.

Robinson JM (1984) Photosynthetic carbon metabolism in leaves

and isolated chloroplasts from spinach plants grown under

short and intermediate photosynthetic periods. Plant Physiol-

ogy, 75, 397–409.

Sage EF (1996) Modification of fire disturbance by elevated CO2.

In: Carbon Dioxide, Populations, and Communities (eds Korner C,

Bazzaz FA), pp. 230–249. Academic Press, San Diego, CA.

Schimel D, Alves D, Enting I et al. (1996) Radiative forcing of

climate change. In: Climate Change 1995: The Science of Climate

Change (eds Houghton JT, Meira-Filho LG, Callander BA,

Harris N, Kattenberg A, Maskell K), pp. 65–131. Cambridge

University Press, Cambridge, UK.

Smith SD, Huxman TE, Zitzer SF et al. (2000) Elevated CO2

increases productivity and invasive species success in an arid

ecosystem. Nature, 408, 79–81.

Smith SD, Strain BR, Sharkey TD (1987) Effects of CO2

enrichment on four great basin grasses. Functional Ecology, 1,

139–143.

Van Soest PJ (1994) Nutritional Ecology of the Ruminant, 2nd edn.

Cornell University Press, Ithaca, NY.

Walkley A (1947) A critical examination of a rapid method for

determining organic carbon in soils. Effect of variation in

digestion conditions and of inorganic soil constituents. Soil

Science, 63, 251–263.

Westerhaus M, Workman J, Reeves JB III, Mark H (2004)

Quantitative analysis. In: 2004: NIR in Agriculture (eds Roberts

C, Workman JJ, Reeves III JB III), 212–234. ASA-CSSA-SSSA,

Madison, WI.

Ziska LH, Ghannoum O, Baker JT (2001) A global perspective of

ground level ‘ambient’ carbon dioxide for assessing the

response of plants to atmospheric CO2. Global Change Biology,

7, 789–796.

1332 L . H . Z I S K A et al.

r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 1325–1332
No claim to original US government works


